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Aside from their spatial proximity, the sp-or d-band derived surface states can be located at or near the Fermi level (E F ) in energy space; consequently they can significantly influence the physical and chemical processes happening at the surfaces 19, 20, 21 . However, since they arise as a result of the different bonding environment at the surface from the bulk 1 , normal surface states are easily destroyed by local modifications at the surfaces, e.g., presence of impurities, surface defects, surface reconstruction, or a change in the surface termination or orientation. This fundamental limitation has prohibited systematic studies of the potential role of surface states in surface reactions and catalysis, especially in more realistic environments.
In contrast, the exotic metallic TSS of the recently discovered 3DTI 5, 6, 7, 8 are exceptionally robust compared to conventional surface states. The TSS arise from the nontrivial topology of the electron bands of the 3DTI, and their persistence is protected by time-reversal symmetry. Therefore, the TSS are insensitive to the structural details of the surface, and will persist as long as the bulk band gap embodying the TSS remains open. The robust TSS thus provides a perfect platform for investigating the catalytic role of surface states in less constrained environments.
In our study, we focus on CO oxidation by supported Au films, a prototype system of fundamental and practical importance in heterogeneous catalysis 13, 14, 15, 16 . The use of the 3DTI Bi 2 Se 3 [11, 12] The antibonding 2π * states shift to higher energies with SOC, indicating decreased electron occupation (also see Supplementary Figure 4 for the spatial electron density difference plots), and hence enhanced CO-Au binding 18 . On the other hand, from Figure   2c , the top Dirac band, corresponding to the TSS on the Au-deposited Bi-terminated surface, shifts to lower energy after the adsorption of CO, indicating increased electron occupation. Taken together, net electrons are transferred to the TSS serving as an electron bath when CO is adsorbed on the surface. 6 The shown in Figure 2b . The two groups of peaks below and above E F correspond to the spinup and spin-down antibonding 2π * states, respectively 24 . As the half-filled 2π * states hybridize with the Au d states, more electrons will be transferred to the 2π * states and promote O 2 towards dissociation 24, 25 . At the same time, the spin splitting of the 2π * states will decrease due to the weakened O-O bond. In Figure 2b , both groups of the spin- (Figures 3a and 3b) . We find that, in the present case, E d actually shifts down away from E F after switching on SOC, and the shift is even larger than that of the freestanding 2 ML Au film. These findings unambiguously rule out the dband theory to be mainly operative in the present systems.
An implicit assumption of the d-band theory is that the sp states around E F do not differ much among different systems. However, our present study offers a striking and unique counter example to this assumption. In particular, since these TSS are gapless and 
METHODS
Our density functional calculations are carried out using the Vienna ab initio simulation package (VASP) 26 with PAW potentials 27, 28 and the generalized gradient approximation (PBE-GGA) 29 for exchange-correlation functional. The lattice constants of 
